Abstract Elite distance runners participated in one of two studies designed to investigate the eects of moderate altitude training (inspiratory partial pressure of oxygen »115±125 mmHg) on submaximal, maximal and supramaximal exercise performance following return to sea-level. Study 1 (New Mexico, USA) involved 14 subjects who were assigned to a 4-week altitude training camp (1500±2000 m) whilst 9 performance-matched subjects continued with an identical training programme at sea-level (CON). Ten EXP subjects who trained at 1640 m and 19 CON subjects also participated in study 2 (Krugersdorp, South Africa). Selected metabolic and cardiorespiratory parameters were determined with the subjects at rest and during exercise 21 days prior to (PRE) and 10 and 20 days following their return to sealevel (POST). Whole blood lactate decreased by 23% (P < 0.05 vs PRE) during submaximal exercise in the EXP group only after 20 days at sea-level (study 1). However, the lactate threshold and other measures of running economy remained unchanged. Similarly, supramaximal performance during a standardised track session did not change. Study 2 demonstrated that hypoxia per se did not alter performance. In contrast, in the EXP group supramaximal running velocity decreased by 2% (P < 0.05) after 20 days at sea-level.
Introduction
Acclimatisation to a reduced inspiratory partial pressure of oxygen (P I O 2 ) initiates metabolic and cardiorespiratory adaptations that in¯uence oxygen transport and utilisation. Some adaptations may facilitate endurance performance, whereas others are less bene®cial. Although equivocal, human studies have demonstrated that either hypobaric or normobaric hypoxia per se is responsible for increases in blood haemoglobin (Hb) concentration (Berglund 1992) , muscle mitochondrial volume, capillary supply (Desplanches et al. 1993) , aerobic enzyme activities and myoglobin concentration (Terrados et al. 1990 ), 2,3-diphosphoglycerate (Mairbaurl et al. 1986 ), rate of free fatty acid mobilisation (Young et al. 1982) or an elevated blood buering capacity (Favier et al. 1995) . Altitude acclimatisation improves physical performance at altitude (Pugh 1967; Maher et al. 1974) , but the eects on sea-level performance are less clear. Since the 1950's, 64 out of 91 studies on the eects of altitude training on sea-level endurance performance have been conducted without a performance-matched control group trained in normoxia, and of the 15 controlled investigations, only 4 have reported performance-enhancing bene®ts .
Hypobaric hypoxia decreases training intensity, and this may induce a detraining response (Levine and StrayGundersen 1997) , as demonstrated in the elite athlete at altitudes as low as 610 m above sea-level . Levine and Stray-Gundersen (1997) demonstrated the synergistic eects of altitude acclimatisation and endurance training as a means of potentiating sea-level endurance performance in a``live-high, train-low'' approach. However, there is evidence which challenges the bene®ts of altitude training. Oxygen transport, determined as a product of blood¯ow and arterial oxygen concentration (¯ow´C a O 2 ) is regulated in response to changes in arterial partial pressure of oxygen (Welch 1987) . Wolfel et al. (1996) investigated systemic oxygen transport at an ambient partial pressure of oxygen (PO 2 ) of 97 mmHg and established that despite the increase in C a O 2 due to an increased Hb concentration, oxygen transport was unaected due to a reduction in blood ow caused by sympathetically mediated local and/or systemic vasoconstriction. A decrease in muscle perfusion persists following return to sea-level. Using 133 Xe it has been shown that blood¯ow to the vastus lateralis muscle decreases by as much as 39% during submaximal exercise after a 3-month expedition to 8,398 m (Boutellier et al. 1982) .
Both in vivo and in vitro evidence suggests that hypobaric hypoxia decreases immunoreactivity, speci®cally by suppressing T-cell-mediated immunity (Meehan 1987 (Meehan , 1988 . Oxidative damage mediated by free radicals also increases at altitude (Simon-Schnass 1990; Vasankari et al. 1997 ) which has implications for membrane integrity and energy metabolism. In addition to the potentially immunosuppressive eects of high-volume intense physical exercise (Nieman 1996) , the additional stress of a decreased P I O 2 may challenge both the health and ®tness of the elite competitor.
Two studies were designed to elucidate the mechanisms that regulate physiological indices of submaximal, maximal and supramaximal exercise performance following a sojourn to altitude in a homogenous group of elite distance runners.
Methods

Subjects
Fifty two British National distance runners (800±5,000 m specialists) volunteered and gave their informed consent for two altitude training studies which had been approved by the British Olympic Association and the British Athletic Federation (Table 1 ). All subjects were taking oral iron supplements (200 mg of ferrous sulphate á day A1 ). Two investigations were conducted at the same time of year and at similar altitudes (1500±2000 m above sea-level, P I O 2 115± 125 mmHg). The ®rst study investigated the responses to submaximal [<maximal oxygen uptake ( O 2max )] and supramaximal (> O 2max ) exercise following 4 weeks of endurance training at Albuquerque, New Mexico (1500±2000 m). The second study investigated responses to maximal and supramaximal exercise following 4 weeks of similar training at Krugersdorp, South Africa (1640 m).
Study 1: Submaximal laboratory measurements and procedures
Each subject performed two standardised treadmill runs to control for the eects of habituation on exercise performance. Sixteen male and seven female subjects subsequently performed a discontinuous incremental treadmill test in a temperature-controlled laboratory set at 21 1°C. The test consisted of ®ve incremental stages each of 4 min in duration and separated by 30 s for the collection of an earlobe blood sample for the determination of the lactate threshold (h [La A ] B ), according to the method of Cheng et al. (1992) . Running velocity (m á s A1 ) at a ®xed whole blood lactate concentration ([La A ] B ) of 2 and 4 mmol á l A1 was interpolated by ®tting an exponential equation to each subject's lactate-velocity curve. Treadmill velocity increments were calculated to represent between 70 and 110% of the subjects' 10-km personal best running times on the road and ranged between 3.56 and 5.86 m á s A1 for the male athletes and 3.19 to 5.06 m á s A1 for the females. The subjects were subsequently assigned to two groups: 14 subjects travelled to an altitude training camp based at New Mexico (EXP SUB ) whilst 9 subjects continued with their normal training programme at sealevel in the UK (CON SUB ). Each subject performed the test 3 weeks prior to (PRE SUB ) and 3 weeks following their return from altitude (POST SUB ).
Study 2 Maximal laboratory measurements and procedures
Twenty two male and seven female subjects (n 29) performed an incremental treadmill test to exhaustion according to Taylor et al. (1955) for the determination of O 2max . This was preceded by a 3-min recovery walk on the level at 1.39 m á s A1 (REC). Subjects were Ratings of perceived exertion were also monitored during the exercise tests (Borg 1973 ).
Haematological measurements
Arterialised capillary blood samples (20 ll) were sampled from the right earlobe for the subsequent determination of [La A ] B using an automated analyser (Analox PLM5 Champion, London, UK). Serum urea was measured using a portable re¯ectance photometer (Re¯etron, Manheim Boehringer, Germany). Venous blood samples were collected after a 12-h overnight fast and 48 h following exercise by antecubital venupuncture, 30 min after the subject had assumed a seated position to control for plasma volume shifts (Pronk 1993 ). Blood samples were analysed for a full blood count, serum ferritin, serum vitamin B 12 , red cell folate, plasma iron and transferrin. Plasma was frozen and, following deproteinisation, was subsequently analysed for glutamine via an enzymatic method (Windmueller and Spaeth 1974) . Brie¯y, glutamine was hydrolysed with asparaginase to produce glutamate. This was hydrolysed to a-ketoglutarate with glutamate dehydrogenase, and the rate of oxidation (i.e. formation of NADH) was detected spectrophotometrically at 340 nm (Gilford, Stasar III, UK).
Dietary analysis
All subjects completed a self-reporting 3-day dietary analysis 3 weeks prior to the altitude training camp, which was analysed using a computer program (Compeat, UK).
Illness
Each subject in study 2 was issued with a 7-day questionnaire prior to sea-level laboratory testing and on a daily basis during the training period at altitude or at sea-level. Experience of gastrointestinal and/or upper respiratory tract infections, which included persistent coughing, sore throat, cold/in¯uenza, fever, diarrhoea and vomiting were recorded on a daily basis by the subjects.
Training programme
Subjects recorded total weekly running distances and their corresponding HR 1 week prior to PRE and POST testing and during weeks 1±4 at altitude. These distances were divided into track (HR » 170±185 beats á min A1 ) and steady-state (HR » 140±160 beats á min A1 ) running sessions. All subjects were instructed to continue with their current training programme throughout the duration of the study. The EXP groups performed altitude training sessions at the same relative exercise intensity as the training conducted at sealevel (i.e. same HR) with the use of ECG-calibrated bipolar telemetry.
Statistical analyses
The mean sample size required for the detection of a statistically signi®cant dierence as a function of the treatment eect (hypobaric hypoxia) was determined for a variety of dependent variables, according to Altman (1980) . Data were analysed using both parametric and non-parametric statistics following application of the Shapiro-Wilk W test for Normality (Altman 1991 ) and the Normal P-P Plot (Kinnear and Gray 1994) . Within-group comparisons were analysed using a paired-samples t-test and a onefactor repeated measures analysis of variance (ANOVA). The Wilcoxon Matched-Pairs Signed-Ranks test and the Friedman test served as the non-parametric equivalents. Between-group comparisons were conducted using a t-test for independent samples or the Mann-Whitney U test. Statistical signi®cance was de®ned at the P < 0.05 level for all two-tailed tests, and values are reported as means (SD).
Results
Resting haematologic and cardiorespiratory data
The confounding eects of hypohydration on the haemodynamic and cardiorespiratory responses to hypobaric hypoxia were minimal. Fluid intake at sea-level and altitude ranged from 2.5 to 10.1 l á day A1 and, as a consequence, the EXP group appeared to be in a euhydrated state. Resting urine osmolalities did not change during study 2. Mean osmolalities at sea-level and altitude ranged from 386 to 746 mosmol á kg A1 for the EXP group and from 614 to 761 mosmol á kg A1 for the CON group. Chronic hypobaric hypoxia had no eect on resting Hb concentration, packed cell volume or resting serum urea concentration (Tables 2 and 3 ). Haematinic data remained stable throughout the South Africa study (Table 4) . Group mean serum ferritin concentrations were low and four subjects in the EXP group and six subjects in the CON group were iron de®cient (serum ferritin concentration <35 ng á ml A1 ) despite daily iron supplementation. Resting HR decreased during and 10 days following the South Africa sojourn (P < 0.01 and P < 0.05, respectively vs PRE). Mean arterial blood pressure remained stable throughout the studies. Lung function did not change at altitude despite a 20% reduction in air density.
The frequency of upper respiratory tract and/or gastrointestinal tract infections increased markedly during both altitude sojourns (Fig. 1) . In contrast, there were no reports of infectious illnesses for subjects in the CON group. A positive Paul-Bunnell blood test indicated that two male subjects had contracted infectious mononucleosis 14 days following their return to sea-level . Whilst the EXP group mean resting leucocyte and neutrophil counts increased after 19 days at altitude (P < 0.05 vs PRE) plasma glutamine concentration decreased by 143 (74) lM (P < 0.001 vs PRE). The greatest decrease in resting plasma glutamine concentration was noted in two Commonwealth medallists who complained of fatigue and extreme tiredness [A250 lM vs a group mean of A112 (40) lM].
Study 1: Submaximal test
The mean [La A ] B concentration decreased by 0.63 mmol á l A1 (P < 0.05 vs PRE) for the EXP group only following their return to sea-level (Table 5) . Run- Table 6 demonstrates that the EXP group mean O 2max decreased by 13% after 20 days at altitude (P < 0.05 vs PRE) and that arterial oxygen saturation decreased to 82 (5)% despite a 75.1 l á min A1 increase in minute ventilation P < 0.01 vs PRE). Maximal HR and running time to exhaustion also decreased by 12 beats min A1 (P < 0.01 vs PRE) and 122 s (P < 0.05 vs PRE), respectively. There were no metabolic or cardiorespiratory changes observed following either 10 or 20 days return to sea-level.
Study 2: Maximal test
Supramaximal exercise performance
Ambient temperature, relative humidity and wind velocity were comparable at sea-level and altitude. The metabolic and cardiovascular responses observed during and following recovery from supramaximal exercise were not altered by chronic hypoxia (Tables 7 and 8) . However, mean running velocity decreased by 3% at 1,500 m and 4% at 1,640 m (P < 0.05 vs PRE) and remained 0.13 m á s A1 slower following return to sealevel in the altitude-trained group only (P < 0.05 vs PRE). 
Discussion
Immune function at altitude Hypobaric hypoxia causes some adverse changes in immune function, possibly due to the immunomodulatory roles of endogenous glucocorticoids and neuropeptides which increase at altitude (Meehan 1987) . The marked increase in the frequency of upper respiratory and gastrointestinal tract infections observed during the altitude sojourn suggest an association between hypobaric hypoxia and the depression of normal immunoreactivity. Whilst communal living may have contributed to the higher incidence of infectious illness at altitude, there were no reports of any physical symptoms for subjects in the CON group, despite identical living and training conditions. All subjects prepared their own food at sea-level and at altitude using identical brands which also suggests that the risk of pathogenic invasion due to the ingestion of foreign foods was minimal. Of the subjects who contracted an infectious illness, two males were diagnosed with infectious mononucleosis on their return to sea-level. The onset of physical symptoms that are characteristic of the ®rst 3±5 days of the prodrome suggested that these subjects were exposed to the Epstein-Barr virus during the initial stages of altitude acclimatisation.
In light of the importance of glutamine as a substrate for macrophages and lymphocytes, Newsholme et al. (1985) suggested that a decrease in the concentration of plasma glutamine below a physiological range would impair defence mechanisms against opportunistic infections. Thus, the decrease in resting plasma glutamine 172 (5) 170 (7) 174 (3) 185 (3) 183 (1) Recovery HR (beats á min A1 ) 166 (1) 165 (9) 166 (7) 181 (3) 174 (6) RPE 16 (2) 17 (2) 16 (2) 15 (2) 15 ( (Goldstein et al. 1980) and increased metabolic acidosis mediated by hypoxia would increase the rate of glutamine uptake. Hypoxia may increase the hepatic uptake of glutamine which is a precursor for the production of the antioxidant glutathione (Hong et al. 1992) . Hypoxia is associated with an increased production of free radicals (Simon-Schnass 1994; Vasankari et al. 1997 ) and thus the production of eective free radical scavengers would prove bene®cial. Finally, Wagenmakers (1992) suggested that the hyperadrenalinaemia associated with chronic hypoxia would result in a depletion of 2-oxoglutarate which is required for activation of the branched-chain amino acid aminotransferase reaction that ultimately produces glutamine, and hyperadrenalinaemia decreases the rate of glutamine transport out of rat muscle incubated in vitro (Garber et al. 1976) .
A modi®cation of an idea by Rowbottom et al. (1996) describes the relationship between ambient PO 2 , training load (intensity and duration) and the subsequent risk of infection (Fig. 2) . Once a threshold training load is exceeded (depicted as the metabolic crossover point), concentrations of glutamine would decrease below a physiological range and the risk of infection would subsequently increase. A decreased P I O 2 may shift the metabolic crossover point to the left, thus increasing the aperture of the``window of opportunistic infection''. Glutamine supplementation at altitude may help to enhance immune function, since glutamine feeding decreases an athlete's susceptibility to developing respiratory infections at sea-level (Castell et al. 1996) .
Altitude training and submaximal exercise performance at sea-level A decreased lactic acidosis was observed during submaximal exercise at sea-level in the group that trained at altitude. Similar ®ndings have been reported at sea-level following 3±10 weeks of training at an ambient PO 2 ranging from 93 to 125 mmHg (Asano et al. 1986; Terrados et al. 1988; Bender et al. 1989; Ingjer and Myhre 1992) . Bender et al. (1989) identi®ed that a decrease in lactate¯ux from skeletal muscle to blood was responsible for the decreased lactic acidosis observed in subjects at sea-level following a 3-week exposure to 4,300 m. Several mechanisms may be implicated in the modulation of glycolytic¯ux in hypoxia which include, hypoxia-induced secondary polycythaemia and the attendant increase in C a O 2 (Berglund 1992) , shifts in substrate utilisation towards predominantly b-oxidation of fatty acids (Beidleman et al. 1994) , bene®cial alterations in the structural morphology and enzymatic characteristics of skeletal muscle, capillary neoformation (Desplanches et al. 1993) , increase in intracellular buffering capacity (Favier et al. 1995) and an``upstream'' inhibition of glycolysis regulated by a decreased central drive (Kayser et al. 1994 ) and/or changes in the b-adrenergic sensitivity of glycolysis (Brooks et al. 1992) . The decreased lactic acidosis appeared to be independent of any apparent increases in C a O 2 or fat oxidation, as noted by a stable Hb concentration at rest and the respiratory exchange ratio during exercise. However, the fact that the h [La A ] B and other cardiorespiratory determinants of running economy were unchanged following return to sea-level questions the functional signi®cance of the decreased lactic acidosis.
Altitude training and maximal exercise performance at sea-level Chronic hypoxia did not in¯uence performance either during or following recovery from maximal exercise after 10 or 20 days return to sea-level. These ®ndings are consistent with the majority of controlled investigations that have induced hypobaric or normobaric hypoxia either as an intermittent (Hahn et al. 1992; Desplanches et al. 1993; Favier et al. 1995) or continuous stimulus (Svedenhag et al. 1991; Rusko et al. 1996; Telford et al. 1996) .
The present hypoxic stimulus was not sucient to increase blood reticulocyte count and subsequent Hb concentration and, as a consequence, C a O 2 most probably did not change. The prevalence of iron de®ciency in the EXP group despite daily enteral iron supplementation may have suppressed haematological adaptation. Logistical limitations precluded the administration of parenteral iron treatment prior to the altitude sojourn to normalise subject iron stores. Iron demand and mobilisation increases markedly during hypoxia to support the elevated reticulocytosis (Reynfarje et al. 1959 ) and thus the already depleted iron stores at sea-level may have proved insucient to meet the increased demand for Hb synthesis at altitude.
Altitude training and supramaximal exercise performance at sea-level Whilst aerobic metabolism is the predominant means of removing [La A ] B and replenishing ATP and creatine phosphate stores during recovery from supramaximal exercise (> O 2max ), the provision of energy during the 1000-m track repetitions would require a signi®cant contribution from anaerobic metabolism. Chronic exposure to environmental hypoxia improves anaerobic metabolism, due predominantly to an increase in muscle buer capacity and the associated improvements in acidbase status (Mizuno et al. 1990; Svedenhag et al. 1991; Favier et al. 1995; Nummella et al. 1996 ). Elevated muscle lactate and H + concentration, in addition to a compensatory respiratory alkalosis during the early stages of altitude acclimatisation result in a greater decrease in pH per mmol H + release (West 1986 ). The increased buer capacity at altitude may therefore serve as an adaptive mechanism which attenuates the degree of acidosis (Svedenhag et al. 1991) .
Chronic exposure to hypobaric hypoxia impaired supramaximal exercise performance 20 days following return to sea-level. Group mean running velocity decreased by 2% in the altitude-trained group. This response appeared to be independent of any changes in training load, environmental conditions and subject motivation. A decrease in absolute training intensity due to an alveolar-end-capillary diusion limitation and/or the performance debilitating eects of subclinical infections mediated by the immunosuppressive effects of hypoxia may have been implicated in this response.
Conclusion
Two investigations demonstrated that 4 weeks of moderate altitude training at 1500±2000 m did not improve performance during and following recovery from either submaximal or maximal exercise. Chronic hypoxia impaired supramaximal exercise performance following return to sea-level. A decrease in absolute training intensity at altitude and a marked increase in the incidence of infectious illness, possibly due to a decrease in resting plasma glutamine concentration, may be implicated in these responses.
